Abstract: In order to evaluate the reliability of a high-power light-emitting diode (LED) module, it is important to obtain junction temperature of high-power LED modules in various applications. However, until recently, there were no simple and effective methods to obtain the junction temperature of LEDs. In this study, an engineering method to estimate the junction temperature of typical LED packaging modules by using an analytical solution was proposed. Simple experiments were used to help determine boundary conditions for thermal modelling. Simulations for obtaining thermal resistance and junction temperature of LED packaging modules in the same boundary conditions were also carried out by commercial software COMSOL. On comparing the junction temperatures obtained by the two methods, it can be seen that the proposed model is able to estimate junction temperatures well.
Introduction
Applications of light-emitting diode (LED) in the versatile lighting fields are expanding because of its advantage of energy saving and other positive characteristics. However, as long as its reliability is a concern, LED cannot be used more broadly, especially in general illumination.
Junction temperature is one of the most critical parameters, which directly affects the reliability of LEDs. When customers wish to purchase high-power LED products, what a products' junction temperature is one of the most frequently asked questions. Although there is a strong need to know, it is still challenging to obtain because LED chips are very small and packaged inside the module. Nowadays, researchers [1 -4] have proposed various methods to measure junction temperature of an LED module, such as spectrometry and resistance-temperature methods. All of these existing methods calculate the junction temperature by using measuring LED emission wavelengths or voltage across the LED. These measurement steps are complex and the voltage measurement method, for instance, requires very expensive equipment and needs professional engineers for operation. These disadvantages will seriously hinder wider applications of such methods in the industry as whole.
Compared to measuring experiments, simulation is flexible and convenient. It is widely used for analysing the temperature field of LED modules [5] . However, in order to use simulations as a method, professional knowledge of modelling and simulations is needed. Moreover, the accuracy of simulation results is determined by the prescription of simulation boundary conditions. This step still poses problems for engineers when estimating the junction temperature of an LED module.
Thermal modelling method, generally employing analytical solutions, is a widely used method in microelectronic industry for its low cost and accuracy. BarCohen et al. [6] proposed a thermal resistance network model to calculate junction temperatures. The network topology is star-shaped and only under isothermal condition can it predict the junction temperature accurately. Rosten et al. [7] and Lasance et al. [8, 9] established an improved star-shaped compact thermal resistance network model that was boundary condition independent. Surface-to-surface resistors were added to the improved star-shaped network for representing the realistic characterisation of heat transfer in a better manner. In all of the 38 kinds of different conditions mentioned in [9] , the improved model can predict the junction temperature accurately; the error is only 1 -2%.
Spreading thermal resistance, which appears when heat conducts into a large body from a small area, is the key resistance of thermal modelling. It is common in microelectronics, as well as in LED applications. Many researchers studied spreading thermal resistance in different conditions. Kennedy [10] found analytical solutions of spreading thermal resistance in a cylinder with a constant heat flux over a part of one end and a variety of boundary conditions at the other surfaces. Kadambi and Abuaf [11] and Krane [12] obtained analytical solutions of spreading resistance in two-and three-dimensional (3D) rectangular bodies with insulated sides and a convective boundary condition on the surface opposite to the heat input.
Muzychka et al. [13 -15] studied spreading thermal resistance widely from a variety of aspects, including heat source location, boundary conditions and types of flux channel and provided a series of analytical expressions for spreading thermal resistance calculation. The present authors [16 -19] extended the spreading thermal resistance model and analysed the thermal performance of various packaging including LED applications.
In this paper, an analytical thermal model was proposed for estimating junction temperature. Since LED modules can be used in various application situations, the junction temperature will be different for the same LED module if the heat sink is different. This proposes another problem for application engineers, who usually are optical engineers and are not familiar with heat transfer. To solve the problem, the present analytical thermal model uses an equivalent convective boundary condition to eliminate the effects of different application situations. The equivalent convective boundary condition was accurately achieved through a simple experiment. To understand the feasibility of the thermal model, a numerical simulation was also used to estimate the junction temperature. A comparison of the simulation results and analytical results shows that the present engineering method can be used for predicting the junction temperature.
2 Thermal modelling of an LED module Fig. 1a shows a general LED lighting application. In the application, an LED module is mounted on an MCPCB for electrical connection. The MCPCB is placed on a heat sink with a thermal interfacial material (TIM) layer to cool the LED module. According to the structure shown in Fig. 1a , heat generated by the LED module flows through the MCPCB layer, TIM layer and heat sink, respectively, and finally dissipates into ambient. To simplify thermal analysis of the heat transfer processes, an equivalent heat transfer coefficient h equ , as shown in Fig. 1b , is loaded at the bottom surface of the LED module to stimulate the cooling effect brought by the MCPCB layer, TIM layer and heat sink. Determination of the equivalent heat transfer coefficient will be given in the following. Therefore thermal modelling of an LED lighting application can be focused on an LED module. Fig. 2 is a section of a typical LED module, which is comprised of an LED chip, a TIM layer, an aluminium stage, a copper heat sink, silicone, a PC lens and a moulding compound. When the LED module lights up, heat is generated from the LED chip. Since the top part of the LED module comprises of the silicone and PC lens with low thermal conductivity, only a very small amount of the heat dissipates through those parts. Similarly, little heat transfers to ambient through the moulding compound from its surface because of its low thermal conductivity and poor cooling condition. Thus, heat dissipation through the silicone, PC lens and moulding compound can be neglected. In this thermal modelling, it is considered that heat generated by the LED chip only conducts through the layers mainly in a direction perpendicular to the bottom surface of the copper heat sink, as shown in Fig. 3b . Based on the heat flow path shown in Fig. 3b , a thermal resistance network can be established as in Fig. 3c . In the network, R TIM , R alu and R cop are the thermal resistances of TIM layer, aluminium stage and copper heat sink, respectively. Here, temperature at bottom surface of LED chip is considered as junction temperature T j . T L is the mean temperature of the bottom surface of the copper heat sink.
As shown in Fig. 3a , the TIM layer is smaller than the aluminium stage, which is also much smaller than the copper heat sink. When heat is conducted from the TIM to the aluminium stage or from the aluminium stage to the copper heat sink, there are spreading thermal resistances that comprise major portions of R alu and R cop . Muzychka et al. [15] studied spreading thermal resistance in isotropic flux channels with rectangular heat source and isotropic discs with a circular heat source. The expressions for calculating spreading thermal resistance of the two systems were obtained. In both systems, all of the surfaces, except the bottom surfaces, are adiabatic; the lower surfaces are convective cooling surfaces with a heat transfer coefficient. To use the expressions in [15] to calculate the R alu and R cop , equivalent heat transfer coefficient at the bottom surface should be found, which is equal to the actual heat conduction in the structure as shown in Fig. 3a . For instance, in the aluminium stage, an equivalent heat transfer coefficient at the bottom surface used for substituting the actual thermal conduction is obtained as follows. The heat 
where h equa is the equivalent heat transfer coefficient at the bottom surface of the aluminium stage, A alu is the area of aluminium stage at the bottom surface, T alu is the mean temperature of the bottom surface and T a is the ambient temperature. From the thermal resistance network, the actual heat dissipation rate is
where R h is the thermal resistance caused by the equivalent heat transfer coefficient h equ loaded at the bottom surface of the LED module. R h is given by
h equa will be obtained by the summary of (1) - (3) and is expressed as
Calculation of R TIM
R TIM is the 1D bulk thermal resistance of TIM. According to the dimensions as shown in Fig. 4 , R TIM is given by
where k TIM is the thermal conductivity of TIM.
Calculation of R cop
As shown in Fig. 4 , the copper heat sink is divided into three discs to conveniently calculate thermal resistance R cop . Since D 3 is nearly equal to D 2 , the occurrence of thermal restriction as heat flows from disc 2 to disc 3 can be ignored. Therefore the thermal resistance of disc 3 can be calculated by 1D
thermal conduction resistance and is given as
where k cop is the thermal conductivity of copper. Spreading thermal resistance also exists when heat is conducted from disc 2 to disc 3. Spreading thermal resistance of disc 2 is calculated using the following expression [15] , which depicts the explicit relationship with the geometry of the structure, according to the notion in Fig. 4 .
with
and
The eigenvalues d n are solutions to J 1 (d n ) ¼ 0 and
h equ2 is the equivalent heat transfer at the bottom surface of disc 2. According to (4), h equ2 is obtained as
Since R 2 is the sum of R 2s and 1D thermal conduction resistance of disc 2, R 2 is given as
As the aluminium stage is a rectangular plate, it is necessary to transform the rectangular plate into a circular one by applying the method of geometric equivalence between the rectangular flux channel and the circular flux tube. The following is the rule of transformation
After geometric equivalence, spreading thermal resistance of disc 1 is calculated as (7), but some parameters are substituted, and given by
where 
h equ1 is the equivalent heat transfer at the bottom surface of disc 1. It is given as
Similar to R 2, R 1 is given by
R cop is the sum of thermal resistances of discs 1, 2 and 3. It is obtained as
Calculation of R alu
Spreading thermal resistance of the aluminium stage can be calculated according to the notions in Fig. 4 . The expression [15] is R alu is given by
The total thermal resistance of the structure is
Since the total thermal resistance has been obtained, the difference in temperature between bottom surfaces of the LED chip and the structure shown in Fig. 3 is given by
where Q h is the heat generation rate of the LED chip. The junction temperature is finally obtained as
It should be noted that the temperature in (24) is the mean value of the bottom surface of the chip and the packaging module. As both bottom surface of the LED chip and the module are very small, the mean temperatures are nearly equal to the real temperature.
Determination of equivalent heat transfer coefficient h equ
For the substituted heat convection at the bottom surface of the LED module, the total heat dissipation rate Q h , based on Newton's law of cooling, is expressed as follows
where A is the area of the heat sink's bottom surface, (p/4)D 
According to (25), h equ can be found if T L is known. Since the area of the bottom surface A is very small, the temperature is distributed well at this surface. As a result, the temperatures of certain points on the surface can be considered as T L , and they will be obtained by simple experimental measurements. There are many ways to measure T L . In this paper, a simple measurement method using a K-type thermocouple with diameter 0.3 mm is used to measure the temperature below the LED module, which was attached on a heat sink shown in Fig. 5 at room temperature of 228C. For other applications, the fin heat sink can also be replaced by other heat sinks such as microchannels, thermoelectric coolers and so on. However, the method for measuring the temperature is the same. As the LED module is located on the heat sink shown in Fig. 5 , a thermocouple should be located at the joint surfaces between the LED and heat sink. However, directly attaching a thermocouple between the LED module and the heat sink will increase the gap between the two components. Contact thermal resistance at the joint surface will increase and cause unfavourable heat transfer. To solve the problem, thermal interface grease is pasted in the gap and a thermocouple is attached. It is nearly the same situation as the real case in which thermal interface grease is pasted between the LED module and the heat sink.
To calculate the heat generation rate exactly, the optical power should be excluded. Thus, the heat generation rate of an LED module is given by
where Q is LED input power and Q l is optical power of the LED. Both of those parameters can be easily measured by a spectrometer and its accessorial equipments.
In most LED products, many LED modules are arranged together on a heat sink. For those cases, the equivalent heat dissipation coefficient at each module's bottom surface can also be determined by measurement experiments of all the parameters needed in (26) and (27) for each module.
Results and discussion

Parameters and methods
To validate the proposed method, an LED module was selected for analysis using both the presented method and simulation. The dimensions and thermal parameters of the LED module are listed in Table 1 . Thermal conductivity of TIM varied in the range of 2.45-50 W/(m K), for analysing its effect on the thermal characterisation of the LED module, whereas the other thermal parameters such as the boundary conditions and the dimensions remained the same. The results obtained by the thermal model and simulation were compared and analysed.
T L was measured by the experiments mentioned in the last section and the result is 41 8C when the ambient temperature is 22 8C. According to the parameters and (25) and (26), the equivalent heat transfer coefficient can be found, and it is 1984 W/(m 2 K). Simulations were done by software COMSOL. To provide a credible reference, the whole LED module was simulated. Considering symmetry of the module, only a quarter was simulated. The simulated structure is illustrated in Fig. 6 . Thermal conductivities of PC lens and silicone were given as 0.16 and 1.8 W/(m K), respectively. All other surfaces except the bottom surface were loaded on a heat transfer coefficient of 5 W/(m 2 K) to simulate natural convection from these surfaces. h equ , as it is 1984 W/(m 2 K), was given at the bottom surface. A tetrahedron mesh was applied to mesh the structure. Maximum element size of the TIM layer was set as 0.02 mm, whereas others were set by default value. Fig. 7 shows the temperature distribution of the LED module, in which TIM's thermal conductivity is 2.45 W/(m K). Here, all temperatures on the module axis were treated as the mean temperatures of those surfaces. Based on the temperature distribution obtained by simulation, R TIM , R alu , R cop and u were calculated by the following equations Table 2 . Here, 'T ' means analytical results, 'S ' means simulation results.
Results comparison and discussion
In Table 2 , it is clear that R total and the junction temperature difference u calculated by the thermal model are close to the ones obtained by simulation. This demonstrates that the thermal model is valid for junction temperature prediction in engineering applications.
From Table 2 , it can be seen that the thermal resistance of the TIM comprises the majority of the total thermal resistance of the LED module. As a result, reducing this portion of thermal resistance will greatly improve thermal characterisation of the LED module. Table 3 shows junction temperatures obtained by the thermal model and simulation with different TIM layers. Fig. 8 is the curve plot based on the data in Table 3 . As shown in Fig. 8 , the junction temperature of the LED module drops significantly with an increase in the thermal conductivity of TIM. Therefore thermal interface materials with high thermal conductivity should be used in the LED module to reduce thermal resistance of LED module.
It should be noted that the ideas behind the thermal model can be applied for other LED module structures. For instance, in many LED modules, the LED chip may be bonded directly to the small heat slug using eutectic soldering. For these modules, the structure is a little different from the one in the thermal model presented here. However, the present thermal model can be adjusted to analyse its thermal characterisation by substituting the present TIM with eutectic soldering and deleting the aluminium stage. In addition, as mentioned earlier, the present method to predict junction temperatures can also be used in LED module arrays and other application products such as LED street lamps by applying the equivalent heat transfer coefficient. Therefore the present method can be commonly used for predicting junction temperature in engineering applications.
Summary and conclusions
A thermal model to predict the junction temperature of a typical LED packaging module was presented. The proposed thermal model and simulation were used to analyse thermal characterisation of an LED module with varied thermal parameters. Comparison of the results obtained by simulation and the thermal model shows that the proposed method is an effective engineering method for predicting the junction temperature of a typical LED module. According to the thermal model and the analysis of an LED module, it was also found that the bonding material and processes between the chip and the small heat slug in LED packaging have an obvious effect on junction temperatures. High thermal conductivity materials or a better structure should be used in LED packaging for good thermal management.
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